We use two-dimensional mechanical models to investigate the effects of 8 syntectonic sedimentation on fold-and-thrust belt development, testing variable 9 syntectonic (wedge-top and foredeep) sediment thicknesses and flexural rigidities. Model 10 results indicate a first-order control of syntectonic sedimentation on thrust-sheet length 11 and thrust spacing. Thrust sheets are longer when syntectonic sediment thickness and/or 12 flexural rigidity increase. Comparison with observations from several fold-and-thrust 13 belts confirms this first-order control of syntectonic sedimentation. 14 INTRODUCTION 15
INTRODUCTION 15
The potential controls of surface processes on the tectonic evolution of mountain 16 belts are slowly becoming better understood (e.g., Whipple, 2009). Whereas erosion can 17 strongly influence the growth of orogenic hinterland regions (Beaumont et al., 1992; 18 Willett, 1999) , syntectonic sedimentation appears as a dominant control on external fold-19 and-thrust belt development (Bonnet et al., 2007; Boyer, 1995; Huiqi et al., 1992; 20 Malavieille, 2010; Marshak and Wilkerson, 1992; Mugnier et al., 1997; Simpson, 2006; 21 Stockmal et al., 2007; Storti and McClay, 1995) . Erosion products from the core of a 22
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Page 5 of 14 mainly in the foredeep area. The first frontal thrust initiates at 7 m.y., creating a 34-km-91 wide wedge-top basin. With further shortening, deformation migrates back into the 92 internal parts of the wedge and is partitioned between frontal and basal accretion. At 9 93 m.y., flexural subsidence resulting from the growing internal wedge, provides more 94 sediment accommodation space and the formation of a second smaller wedge-top basin 95 between the two frontal thrusts. At 12 m.y., deformation is partitioned between the 96 frontal thrust, the reactivated back-thrust, and internal basement deformation. The 97 average thrust-sheet length is 30 km and the maximum sediment thickness is 4 km. 98
Strong Deposition-Model 3 99
The generic behavior of Model 3 is similar to Model 2 but the increased sediment 100 thickness results in longer thrust sheets (Fig. 2c) . The first external thrust emerges around 101 9 m.y., at ~100 km from the backstop, resulting in a 75-km-wide wedge-top basin. The 102 frontal thrust breaks through the sediments, where they start forming a constant thickness 103 foreland basin fill. At 9 m.y., shortening is still accommodated by the frontal thrust, 104 which accumulates more displacement than in model 2. A second thrust initiates just 105 before 12 m.y. The average thrust-sheet length is 70 km with a maximum sediment 106 thickness of 9 km. 107
Sensitivity to Flexural Rigidity-Models 4-6 108
Models 4-6 test the sensitivity to variations in flexural rigidity for a constant 109 intermediate base level, and are all shown at 8 m.y. (Fig. 3) The first-order evolution of all models is similar, independent of the amount of 116 syntectonic sediments (Fig. 2): (1) initiation of a frontal thrust; (2) out-of-sequence 117 internal deformation and passive retreat of the external thrust belt; (3) initiation of a new 118 in-sequence thrust, reproducing a frontal accretion cycle (e.g., Hoth et al., 2007; DeCelles 119 and Mitra, 1995) . The main differences between the models are the locus and the timing 120 of thrust activation. 121
The model without syn-orogenic sedimentation propagates most rapidly. Thrusts 122 are very short, numerous, and do not accommodate much shortening, whereas the thrust-123 sheet length increases with the amount and extent of syntectonic sedimentation. 124
The first external thrust and the subsequent frontal thrusts emerge either at the 125 point where the sediments taper out (Model 2) or where they start forming a constant-126 thickness foreland-basin fill (Model 3). The location of thrust initiation corresponds to 127 the point where the total work needed to slide on the décollement and to break through 128 the sediments is minimal (Hardy et al., 1998) . When sediment deposits extend further 129 (Model 3), the location of frontal thrust activation migrates toward the foreland. The 130 extent and thickness of syntectonic sediments thus assert a first-order control on the 131 location of the frontal thrusts. 132
The models presented here demonstrate that the extent and thickness of 133 syntectonic sediments strongly affect the structural style of fold-and-thrust belts. The 134 sediments are deposited horizontally, effectively stabilizing the wedge (e.g., Willett and 135 hal-00772611, version 1 -11 Jan 2013
Page 7 of 14 Schlunegger, 2010). In the most external parts, where the sediments are thinnest and the 136 angle of the basal décollement () tends to zero, the wedge reaches a critical state. After 137 the formation of the first thrust the surface slope  strongly decreases, stabilizing the 138 wedge. Further syntectonic sedimentation in front of the active thrust enlarges the stable 139 wedge and promotes formation of a new frontal thrust. Therefore, the overall 140 development of the wedge follows critical-taper theory. However the localization and 141 timing of thrust activation is strongly influenced by strain weakening and the evolution of 142 the shear zones, which cannot be readily explained by the theory, as observed in other 143 recent studies (Buiter, 2012; Simpson, 2011) . 144
Flexure plays an important role in determining the structural style of a fold-and-145 thrust belt. The extent of sediment deposition is itself primarily governed by flexural 146 parameters controlling the foreland basin shape. For lower flexural rigidities (Fig. 3,  147 Model 4) a narrow and deep foreland basin is formed, limiting the extent of 148 sedimentation with consequently shorter thrust sheets initiating where the sediments taper 149 out. In contrast, for higher flexural rigidities a wider foreland basin develops, promoting 150 sedimentation much further out in the foreland and formation of longer thrust sheets. 151
The location of the frontal thrust is also affected by the strength of the 152 décollement level. A stronger décollement renders frontal accretion more difficult (see 153 supplementary models in the Data Repository), but the reduction in thrust sheet length is 154 moderate (a few kilometers) compared to the effect of syntectonic sedimentation. 155 Therefore, the role of décollement strength appears of secondary importance in 156 controlling the geometry of fold-and-thrust belts. 157
COMPARISON TO NATURAL SYSTEMS 158
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The numerical models presented here demonstrate that syntectonic sedimentation 159 exerts a major control on fold-and-thrust belt development. We compare our results to 160 observed structural style, syntectonic sediment thickness, and flexural rigidity of several 161 thin-skinned fold-and-thrust belts around the world (Fig. 4) . Cross sections for three 162 different fold-and-thrust belts (Pyrenees, Apennines, and Canadian Rockies) qualitatively 163 illustrate the correlation between thrust-sheet length and syntectonic sediment thickness 164 (Fig. 4a) . The southern Pyrenean fold-and-thrust belt is characterized by a thick 165 succession of syntectonic sediments, long thrust sheets and a wide wedge-top basin, 166 transported over an efficient décollement level, comparable to 3 ( Model 1 (Fig. 2a) . 171
The average thrust-sheet length of 8 fold-and-thrust belts is plotted as a function 172 of maximum syntectonic sediment thickness in Figure 4b of syntectonic sediments and thrust-sheet lengths; from top to bottom: Canadian Rockies 302 (Ollerenshaw, 1978) , northern Apennines (Pieri, 1989) , and ECORS section, Pyrenees 303 (Muñoz, 1992) 
Supplementary methods

Rheology
In order to reproduce and localize deformation in frictional-plastic shear zones, the model uses a plastic yield criterion. Once yielding occurs, materials of the deformed area experience strain softening. In this model, the Drucker-Prager pressure-dependent yield criterion is used to model the plastic behavior for incompressible deformation in plane strain. Yielding occurs when:
Where is the second invariant of the deviatoric stress, p is the dynamic pressure (mean stress), c is the cohesion and is the internal friction angle. The values of c and were chosen to reproduce frictional sliding of rocks. Several mechanisms can lead to brittle weakening of rocks (Huismans and Beaumont, 2007 and references therein), including cohesion loss, mineral transformations, and increased pore fluid pressures. In the models presented here strain weakening is introduced using a parametric approach. The friction angle decreases linearly with increasing strain in the range 0.5< ε <1.0, where ε represents the square root of the second invariant of deviatoric strain.
Model set up
The initial model has a computational Eulerian domain 400 km long, 12.5 km high on the left-hand side and 7.5 km high on the right-hand side. The Lagrangian material-tracking grid follows the initial Eulerian domain but extends until 800 km (e.g. Supplementary Table 1 ). Materials II and III (representing the sediments and the internal décollement respectively) extend from 100 km to the right-hand side of the model, in order to allow for a first stage of deformation in the internal wedge to occur close to the backstop. Material II is 3 km thick, and Material III is 0.5 km thick, so that Materials II and III have the same thickness on the right-hand side of the model, and the décollement level is located in the middle of the model area. A second décollement level has been added to the base of the model, which is 1 km thick. A velocity of -1 cm.yr -1 is applied to the right-hand boundary, while the left-hand side is fixed horizontally, except in the first km, to evacuate the basal décollement layer with a velocity of 1 cm.yr -1 . The surface is subjected to sedimentation after 5 m.y, represented by the deposition of material with the same properties as Material II below a fixed reference elevation; erosion has not been included in our models. The base of the model is supported by an elastic beam that allows for flexural isostasy.
Supplementary Figure S1 : Initial model geometry. 
Supplementary models
Influence of the strength of internal décollement on the thrust sheet lengths The rheology of the internal décollement can form a major control on the wedge development. In order to test this influence, we have run several models with increasing the strength of the internal décollement material (characterized by its internal friction angle ). We present in supplementary Figure S2 snapshots of models with at 2°, 4°, 6°, and 8° at the time when the first external thrust activates. Syn-tectonic sedimentation in these supplementary models starts at 3 m.y. and was set at the same level as in the model 2 (Figure 2 ) for models in panels a to d, and at a higher reference level, covering entirely the basin for models in panels e to h. Models a-d demonstrate that despite differences in structural styles (in particular in models c and d), the sedimentary thrust sheets formed have a shorter length with increasing décollement strength, .
The first thrust activates at 95, 97, 92 and 84 km from the backstop, in model a, b, c, and d respectively. Models e-h show a similar response to increasing the décollement strength with the higher reference level for sedimentation. The thrusts are shorter for a stronger décollement level, and activate at 112, 107, 86 and 88 km in models e, f, g and h respectively. We note that in models g and h ( = 6° and 8°), the basement and the sedimentary layers deform jointly, because the difference in strength between the basement, the décollement and the sedimentary layer is small.
We thus conclude from this set of models that the rheology of the décollement level has an impact on the thrust sheet length by shortening them, but this effect is much less significant than the effect of syn-tectonic wedge-top sedimentation on the wedge propagation and thrust sheet length. Moreover, the models confirm that also with a large amount of syn-tectonic deposition covering both the wedge and the fore-deep the thrust sheets are very long.
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Strain rates and velocity field
Supplementary Figure S3 documents the strain-rate evolution for the same models and at the same timesteps as shown in Figure 2 . The green zones (at 7 m.y. in models 1 and 3 for example) show the diffuse pattern of strain partitioning that is subsequently followed by localization on large faults. In the three models, most of the material advection from the right side of the model is accommodated by the fontal thrust and by underthrusting below the décollement level. In Model 1 (without syn-tectonic sedimentation), at 5 my, displacement is localized at the front but in the internal parts as well, with active backthrusting at around 50 km. Then this internal displacement progressively decreases to almost zero at 12 m.y. The velocity field in the fold-and-thrust belt shows that each thrust is active, but always less than the frontal thrust. Model 2 and 3 are very similar in terms of velocity field patterns. The backthrusting that occurs at 5 m.y. is very efficient at that time while the internal part experiences little displacement. Between 7 and 9 m.y. the frontal thrust records most of the displacement, and the internal part (especially around 50 km from the backstop) show moderate and upward-directed velocities. Finally, at 12 m.y., only the fold-and-thrust belt records displacement, and the internal part become much less active. It is also worth noting that the velocity field shows the progression of underthusting below the internal decollement level towards the left side of the model. Strain localization allows identifying the most active faults. In the three models, the strain is accumulated on 1) the frontal thrust, 2) the décollement level, and 3) the largest shear zones in the internal parts, with the décollement level concentrating most strain.
